INTRODUCTION
Lithium ion batteries (LIBs) have been considered as one of the most promising electrochemical energy storage devices as environmentally-friendly energy because of their obvious advantages, such as high energy density and long cycle life. For commercial LIBs, carbonaceous material is often used as anode material. Unfortunately, the carbonaceous anodes cannot satisfy the urgent needs for electric vehicle (EV), hybrid electric vehicle (HEV) or plug-in hybrid electric vehicle (PHEV) due to the safety problem [1] [2] [3] . The main safety issue in carbonous anode for LIBs is the dendritic lithium growth on the anode surface at high rates because the conventional carbonous materials approach almost 0 V (versus Li/Li + ) at the end of Li insertion [4] . Hence, developing new anode materials with excellent electrochemical performance and high safety is necessary. Among plenty of developed anode materials, titanate based materials have been regarded as promising candidates for LIBs because of their excellent cycle life and higher operating potential than carbonous materials [5] [6] [7] . Among them, spinel Li 4 Ti 5 O 12 was viewed as one promising alternative to carbonous materials due to its small dimensional change during cycling and high insertion potential (1.55 V, versus Li/Li + ) [8] [9] [10] . Despite the great significance of Li 4 Ti 5 O 12 as a famous lithium storage material, a new series of Ti-based compounds, MLi 2 Ti 6 O 14 (M = 2Na, Sr, Ba), were proposed as host materials in LIBs [11] [12] [13] [14] [15] [16] [17] [18] . Among them, only few researches on the electrochemical performance of BaLi 2 Ti 6 O 14 were reported. Solid-state reaction was the most common method to prepare electrode materials, and the physicochemical properties depend greatly on the synthesis conditions [19] . Belharouak et al. [20] [24] . In addition, Na + doping can be considered as an effective way to enhance the electrochemical properties of LiFePO 4 [25] and Li 3 V 2 (PO 4 ) 3 [26] cathode material. To our knowledge, doping the BaLi 2 Ti 6 O 14 with sodium ion has not been reported until now. As we know, sodium is abundant in the earth and less expensive than the most of transition metals and lithium metal [27] , so Na doped BaLi 2 Ti 6 O 14 is expected to be an anode material with lower cost than other transition metals substituted one.
It is generally known that safety of LIBs is the key in the realistic applications as power battery. This is why the Li 4 Ti 5 O 12 anode is often discharged to 1 V (vs. Li + /Li). However, LIB full battery usually undergoes a risk of explosion for possible inner short circuit due to the drastic operational fault conditions, such as over-charge [28] . The internal short induces an enormous heat instantaneously and locally to cause thermal runaway. The over-discharge (lithiation) of the anode material in half cell corresponds to the over-charge of full battery. Hence, the structural stability (related to safety) of the anode material in half cell at extremely low potential condition becomes very important. Hence, the electrochemical performance of the anode material in half cell deserves serious considerations. In addition, the high-energy density can be obtained with high capacity. Therefore, it is necessary to investigate the over-discharge behaviors (lithiation) down to 0 V of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) anode materials considering the safety and energy density in half cell. The same strategy can also be applied to study relevant Ti-based materials, which opens a way for the evaluation and optimization of this kind of anode materials in the future. With this consideration, Na-doped BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds were prepared by a solid-state method, and the electrochemical performances were investigated in half cells.
EXPERIMENTAL

Material preparation
Pristine BaLi 2 Ti 6 O 14 and Na-doped BaLi 2−x Na x Ti 6 O 14 (x=0.5, 1, 1.5 and 2) were synthesized by a solid-state reaction, and the preparation process is illustrated in Fig. 1 . Anatase TiO 2 (AR, 99.0%), BaCO 3 (AR, 99.0%), Li 2 CO 3 (AR, ≥99.0%), and Na 2 CO 3 (AR, 99.5%), used as raw materials, were mixed by ball milling for 4 h in an acetone slurry, followed by drying at 80°C for 12 h. The obtained mixture was pretreated at 600°C for 4 h, and then calcined at 950°C for 10 h in air to obtain the final products. Excessive Li (3 wt.%) was provided to compensate for the volatilization of Li during synthesis.
Material and electrochemical characterization X-ray diffraction (XRD) analysis was performed on a Rigaku instrument with Cu Kα radiation. The particle morphologies of the samples were examined using a scanning electron microscope (SEM, SU8000). CR2025 coin-type cells were used to perform electrochemical characterizations. The working electrodes comprise active material (80 wt.%), carbon black conductive additive (10 wt.%) and polyvinylidene difluoride binder (10 wt.%). The average loading of active material is about 1.8 mg cm . Electrochemical impedance spectroscopy (EIS) was measured by a PAR-STAT4000 electrochemical work station over a frequency range from 0.01 to 10 kHz, and the potentiostatic signal amplitude is 5 mV. Charge-discharge performance of the cell was characterized galvanostatically on a Land 2000T (Wuhan, China) tester at different rates between 0 and 3 V (versus Li/Li + ). Fig. 2 shows that the XRD patterns of all the as-prepared BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds. It can be found that all peak signals of the samples correspond to the orthorhombic structure BaLi 2 Ti 6 O 14 phase with Cmca space group [29] , indicating that Na doping does not change the structure. No impurity peak is observed in the XRD pattern of all samples, indicating a successful substitution by Na ion in BaLi 2 Ti 6 O 14 . These results are confirmed by the XRD Rietveld refinement profiles of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds as shown in Fig. 3 . It is clearly seen that the Bragg positions correspond to the BaLi 2 Ti 6 O 14 , indicating a successful preparation. However, according to the refinement results, it can be found that the Na + doped BaLi 2 Ti 6 O 14 compounds have larger unit-cell volume than the pristine one because ionic radius of Na + ion is 55% larger than that of Li + ion, and an obvious shift of diffraction peaks for BaNa 2 Ti 6 O 14 can be found.
RESULTS AND DISCUSSION
SEM was used to study the surface morphology and elemental composition of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds. Fig. 4 shows the SEM images of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds. It can be found that BaLi 2−x Na x Ti 6 O 14 (x=0, 0.5 and 1) powders show similar irregular shaped particles between 500 and 1000 nm. However, BaLi 2−x Na xTi 6 O 14 (x=1.5 and 2) powders show similar rod-like shape, indicating that there is a different morphology between BaLi 2 Ti 6 O 14 and BaNa 2 Ti 6 O 14 prepared by the same method, suggesting the successful fabrication of Li-site doping by Na in the structure of BaLi 2−x Na x Ti 6 O 14 . In addition, the energy dispersive spectrometer (EDS) mapping results of BaLi 2−x Na x Ti 6 O 14 (x=1.5) compound also prove the existence of Na, Ba, Ti and O elements in the BaLi 0.5 Na 1.5 -Ti 6 O 14 powder as shown in Fig. 5 . EDS results supply a strong evidence about the uniform element distribution of Na, Ba, Ti and O elements in BaLi 0.5 Na 1.5 Ti 6 O 14 , suggesting the successful doping by Na in the structure.
To get clear on the nature of the redox behavior, the CV tests of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds were carried out. . In the first cycle, two redox peaks during cycling can be found in the BaLi 2−x Na x Ti 6 O 14 (x=0 and 0.5). The first discharge (lithium intercalation process) process evolves with two reduction peaks at 1.24 and 1.51 V, which are related to the step-by-step formation of BaLi 2−x Ti 6 O 14 from the BaLi 2 Ti 6 O 14 phase. According to previous reports [29, 30] , lithium ions occupy 8f, 4a, 4b and 8c sites in turn during the lithium intercalation process, which correspond to the voltage plateau (or slope) at 1.54 V (8f), 1.36 V (4a, 4b) and 0.50-1.2 V (8c), respectively. Then, the process is reversed in charge (lithium deintercalation) with two oxidation peaks at a potential value of 1.13 and 1.35 V, corresponding to the removal of Li + ion from the lithiated BaLi 2−x Ti 6 O 14 . However, the redox peaks located at 1.13/ 1.24 V gradually disappear in the BaLi 2−x Na x Ti 6 O 14 (0.5 ≤ x ≤ 1.5). These results reveal that Na doping affects the redox behavior of the half-cells. These two pairs of redox peaks of BaLi 2 Ti 6 O 14 correspond to a two-step reversible intercalation reaction above 1 V between Ti 3+ and Ti 4+ ions, but BaLi 2−x Na x Ti 6 O 14 (x=1 and 1.5) only has a pair of redox peaks corresponding to a one-step reversible intercalation reaction above 1 V between Ti 3+ and Ti 4+ ions. Two pairs of redox peaks also can be found in BaNa 2 Ti 6 O 14 , but the potential shifts to 1.10/0.92 V and 1.55/1.69 V, respectively. This result indicates that the BaNa 2 Ti 6 O 14 has higher voltage plateau than the BaLi 2 Ti 6 O 14 . In comparison with the first and second CV curves of all samples, it is clear that the passivating film is mainly formed during the first insertion process, and the solid electrolyte interface (SEI) film of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) was formed below 0.7 V in the first cycle [31, 32] . Like Li 4 Ti 5 O 12 [32, 33] , it is therefore reasonable to infer that BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) is a SEI film free material cycled between 1.0 and 3.0 V. Moreover, all curves show a broad peak with envelope feature at low potentials at each cycle, revealing a formation of amorphous phase during discharge to 0 V [34] . Similar electrochemical behavior can be found in other Tibased anodes, such as Na 2 Li 2 Ti 6 O 14 [13, 35] [37] . The 2 nd and 3 th CV curves are quite similar to the first cycle, indicating the good reversibility of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) compounds [38] . In addition, the 2 nd and 3 th CV curves are nearly overlap, and reveals good reversibility, excellent cyclability, super kinetics and high cyclic efficiency for lithium ions insertion/extraction at the electrodes [37] .
To evaluate the effect of Na ions doping on the capacity of BaLi 2 Ti 6 O 14 , the charge-discharge tests of all samples were carried out at a current density of 50 mA g −1 between 0 and 3 V. Fig. 7a-c . . . . . . . . . . . . . . . . . . . . . . . . . . . However, only an obvious plateau at about 1.6 V can be found in the charge curve of BaNa 2 Ti 6 O 14 . Only a short charge plateau at about 1.2 V can be found in the BaLi 2−xNa x Ti 6 O 14 (0.5≤x≤1). When almost all the lithium ions are extracted from the electrode, the working potential rises quickly to 3.0 V. As shown in Table S1 is a high irreversible capacity loss between the lithiation and delithiation cycles. The high irreversible capacity loss may be mainly attributed to some side reactions for SEI formation composed of organic lithium alkylcarbonates, the lithium adsorption in the conductive additive carbon black and irreversible electrochemical decomposition of the electrolyte [32, [39] [40] [41] . As shown in Fig. 7b , c, it can be found that the potential difference between the delithiation and lithiation plateaus of all samples is obviously different after 25 and 50 cycles, revealing a different polarization for all electrodes. Clearly, BaLi 0.5 Na 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . shows a smaller potential difference than other BaLi 2−xNa x Ti 6 O 14 compounds, indicating an excellent reversibility and lower polarization. In addition, the BaLi 0.5 Na 1.5 Ti 6 O 14 anode shows a lower delithiation plateau voltage than those of other BaLi 2−x Na x Ti 6 O 14 compounds and the reported Li 4 Ti 5 O 12 , which may be beneficial to improve the energy density of the LIBs used in full battery as anode. Cycling performance of the BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) half cells between 0 and 3 V at a current density of 50 mA g −1 is given in Fig. 7d . Although BaLi 1.5 Na 0.5 Ti 6 O 14 shows the highest initial delithiation capacity, BaLi 0.5 Na 1.5 -Ti 6 O 14 exhibits the highest delithiation capacity after 25 cycles among all samples as shown in Fig. 7d and Table S1 . After 50 cycles, the delithiation capacities of BaLi 2−x Na xTi 6 O 14 (x=0, 0.5, 1, 1.5 and 2) are 140.8, 140.4, 117.1, 163.9 and 123.6 mA h g , respectively. The corresponding capacity retentions are 86.4%, 72.8%, 70.8%, 100%, and 84.4%, respectively. Obviously, BaLi 0.5 Na 1.5 Ti 6 O 14 anode shows the highest delithiation capacity and capacity retention after 50 cycles among all samples. delivers at 300 mA g −1 is corresponding to 87.6% of that obtained at 50 mA g , which corresponds to 68.9% of the delithiation capacity at 50 mA g −1
. It is particularly worth mentioning here that the introduction of Na + ion in the BaLi 2 Ti 6 O 14 structure can reduce the theoretical capacity because the molar mass of Na is larger than Li element. In spite of this, BaLi 0.5 Na 1.5 Ti 6 O 14 obviously shows a greater rate performance than other samples.
To explore the effect of Na doping on the kinetic performance, the charged state EIS was measured. Fig. 9a shows the charged state EIS curves of BaLi 2−x Na x Ti 6 O 14 (0≤x≤2) after 50 cycles at current density of 300 mA g (1)
Here, R is the gas constant, T is the absolute temperature, n is the number of electrons transferred per molecule during redox reaction, F refers to the Faraday constant, A is the surface area of the working electrode, C Li stands for the concentration of lithium ions, ω is the angular frequency, and σ is the Warburg factor. The Warburg factor is connected with the real part of the impedance (Z re ), and it can be gotten from the slope of the lines in Fig. 9b . The calculated lithium-ion diffusion coefficients are given in Fig. 9c . BaLi 0.5 Na 1.5 Ti 6 O 14 obviously shows the largest lithium-ion diffusion coefficients among all samples, and the highest electrochemical activity during cycling. It is therefore reasonable to infer that the excellent rate capability of BaLi 0.5 Na 1.5 Ti 6 O 14 originates from the dramatically enhanced ionic conductivity and reduced redox polarization. SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . 
